A dicycle pyrazoline derivative, 1-phenyl-5-(p-fluorophenyl)-3,4-(α-p-fluoro-tolylenecyclohexano) pyrazoline, was synthesized and characterized by elemental analysis, IR, UV-vis, fluorescence spectra and X-ray single crystal diffraction. Density function theory (DFT) calculations were performed by using B3LYP method with 6-311G** basis set. The optimized geometry can well simulate the molecular structure. Vibrational frequencies were predicted, assigned and compared with the experimental values, which suggest that B3LYP/6-311G** method can well predict the IR spectra. Both the experimental electronic absorption spectra and the predicted ones by B3LYP/6-311G** method reveal three electron-transition bands, with the theoretical ones having some red shifts compared with the experimental data. Natural bond orbital analyses indicate that the absorption bands are mainly derived from the contribution of n → π* and π → π* transitions. Fluorescence spectra determination shows that the title compound can emit blue-light at about 478 nm. On the basis of vibrational analysis, the thermodynamic properties of title compound at different temperature have been calculated, revealing the correlations between C 
Introduction
Since Tang and Vanslyke first reported the usage of multilayer organic thin films for light-emitting devices (LEDs), 1 organic electroluminescent devices (OELDs) have received considerable attention because of their potential applications in various displays. [2] [3] [4] The organic electroluminescence (OEL) devices have shown several advantages over inorganic ones, such as low cost, high luminous efficiency, wide selection of emission colors via molecular design of organic materials, and easy processing. Till now, a lot of works have been focused on blue color emitting materials. [5] [6] [7] Pyrazoline derivatives have been investigated in many respects due to their blue light emission with high quantum yield, [8] [9] [10] ready accessibility, and easily being used as carrier transporting as well as emitting materials. 11 Many mono-cycle-2-pyrazolines have been reported as hole transporting or emitting materials in organic EL devices. [12] [13] [14] [15] From 2007, our group have focused attentions on investigating 1,3,5-triaryl-2-pyrazolines [16] [17] [18] [19] by experimental method and quantum chemical calculations. As a continuation of our previous studies in this field, we have also begun to synthesize di-cycle 2-pyrazolines in 2009. 20 Herein, we wish to report another di-cycle 2-pyrazoline derivative of 1-phenyl-5-(p-fluorophenyl)-3, 4-(α-p-fluorotolylenecyclohexano) pyrazoline, including its synthesis, structure, spectra studies and DFT calculations.
Experimental and Theoretical Methods
Physical measurements. Elemental analyses for carbon, hydrogen and nitrogen were performed by a Perkin-Elmer 240 C elemental instrument. The melting points were determined on a Yanaco MP-500 melting point apparatus. IR spectra (4000 -400 cm -1 ), as KBr pellets, were recorded on a Nicolet FT-IR spectrophotometer. Electronic absorption spectra were measured on a Shimadzu UV3100 spectrophotometer in EtOH solution and solid state fluorescence spectra were measured on a F96-fluorospectrophotometer.
Synthesis. All chemicals were obtained from a commercial source and used without further purification.
The title compound was synthesized by two steps and the reaction path is shown in Scheme 1.
The first step is to synthesize the intermediate of 2, 6-bis(4-fluorobenzylidene) cyclohexanone. To a 100 mL three-necked flask were added cyclohexanone (0.03 mol), p-fluorophenylaldehyde (0.06 mol), NaOH aqueous solution (10%, 10 mL) and EtOH (30 mL) with stirring. After the reaction was carried out at room temperature for 1.5 h, light-yellow intermediate was observed. 5 h later, the reaction was stopped and the intermediate was filtrated, washed with EtOH and then dried. Yield: 84%.
The second step is to synthesize the title compound of 1-phenyl-5-(p-fluorophenyl)-3,4-(α-p-fluorotolylenecyclohexa- Crystal structure determination. The selected light yellow crystal of the title compound was mounted on an Enraf-Nonius CAD4 diffractometer. Reflection data were measured at 294(2) K using graphite monochromated Mo Kα (λ = 0.71073 Å) radiation and a ω-2θ scan mode. The correction for Lp factors and empirical absorption were applied to the data. The structure was solved by direct methods and refined by full-matrix least-squares method on Fobs 2 using the SHELXTL software package. 21 All non-H atoms were anisotropically refined. The hydrogen atom positions were fixed geometrically at calculated distances and allowed to ride on the parent C atoms. The final least-square cycle gave R = 0.0480, wR2 = 0.1054 for 1776 reflections with I > 2σ(I) using the weighting scheme,
, where P = (Fo   2   +2Fc 2 )/3. Atomic scattering factors and anomalous dispersion corrections were taken from International Table for X-ray Crystallography. 22 The key crystallographic data are given in Table 1 .
Computational methods. Initial molecular geometries were optimized using MM+ molecular modeling and semi-empirical AM1 methods 23 (HYPERCHEM 6.0, Hypercube, Ont., Canada). Then, DFT calculations with a hybrid functional B3LYP (Becke's three parameter hybrid functional using the LYP correlation functional) at basis set 6-311G** by the Berny method 24 were performed with the Gaussian 03 software package. 25 The calculated vibrational frequencies ascertained that the structures were stable (no imaginary frequencies). Based on the optimized geometries and by using time-dependent density functional theory (TD-DFT) [26] [27] [28] methods, electronic spectra were predicted. Natural Bond Orbital (NBO) 29 analyses were also performed based on the optimized geometries.
All calculations were performed on a DELL PE 2850 server and a Pentium IV computer using the default convergence criteria.
Results and Discussions
Description for the crystal structure of the title compound. The displacement ellipsoid plot for the title compound with the numbering scheme is shown in Fig. 1 . Selected bond lengths and bond angles by X-ray diffraction are listed in Table 2 along with the calculated bond parameters.
The molecular structure of the title compound consists of discrete [FPhCHC7H8N2PhPhF] entities. All of the bond lengths and bond angles in the phenyl rings are in the normal range. In the cyclohexanopyrazolinyl ring, the C=N bond length Wavenumber (cm solid state, these supramolecular interactions help to stabilize the crystal structure. Optimized geometry. DFT-B3LYP/6-311G* calculations were performed on the title compound. Some optimized geometric parameters are also listed in Table 2 . Comparisons of the experimental bond lengths with the calculated values show that the biggest bond length difference is 0.028 Å for C(15)-C(16) bond and the biggest bond angle difference is 1.3 o for C(13)-N(1)-N(2) bond angle. Both the differences are well comparable with those in mono-2-pyrazolines of 1N-phenyl-3-(3,4-dichlorophenyl)-5-phenyl-2-pyrazoline 19 and 1N-phenyl-3-(2,4-dichlorophenyl)-5-(4-chlorophenyl)-2-pyrazoline, 30 where the biggest difference of bond lengths and bond angles are 0.026 Å and 1.3 o for the former 19 and 0.027 Å and 1.3 o for the later. 30 As for the biggest bond difference on C(15)-C(16) bond, which maybe result from two reasons: one reason is that all of the calculational data are for the molecule in gas phase and there are no molecular interactions considered, while the experimental data are for the molecules in solid state and there are crystal field interactions among them. Another reason is that there is a hydrogen-bond supramolecular interaction on C(16)-H(16) bond, which will lead to the bond length of C(15)-C(16) being shorter and increase the bond length difference between the theoretical value and the experimental one. Aforementioned comparisons suggest that, despite some differences, the B3LYP/ 6-311G** method can give satisfactory calculational precision for the system studied here. 31 The optimized geometry obtained by B3LYP/6-311G* method can well reproduce the crystal structure of the title compound, which are the bases for the following discussions, such as the vibrational frequencies, electronic absorption spectra and thermodynamic properties and so on.
Vibrational frequencies. The experimental and the simulated infrared spectra are shown in Fig. 2 , where the calculated intensity is plotted against the harmonic vibrational frequencies.
Vibrational frequencies calculated at B3LYP/6-311G* level of theory were scaled by a typical scaled factor of 0.96 for this method. Some primary calculated harmonic frequencies are listed in Table 3 and compared with the experimental data. The descriptions concerning the assignment have also been indicated in the Table 3 . Gauss-view program 32 was used to assign the calculated harmonic frequencies.
As seen from Table 3 and Fig. 3 , comparison of the differences between the experimental and calculational frequencies reveals a good agreement. Namely, for the title compound, in spite of some differences, DFT-B3LYP/6-311G** method used here can well predict the vibrational frequencies.
Electronic absorption spectra. For the title compound, experimental electronic absorption spectra are measured in ethanol solution at room temperature and theoretical electronic spectra are predicted by using TD-DFT method based on B3LYP/6- 311G* level optimized structure. Both the electronic spectra are shown in Fig. 3 and all of the data are listed in Table 4 along with the electronic transition models.
As seen from Fig. 3 and Table 4 , both the experiments and calculations reveal three bands, with three theoretical peaks having some red shifts compared with the corresponding experimental ones. The reasons for the discrepancy between the experimental values and theoretical predictions may be as follows: TD-DFT approach is based on the random-phase approximation (RPA) method, [33] [34] which provides an alternative to computationally demanding multirefrence configuration interaction methods in the study of excited states. TD-DFT calculations do not evaluate the spin-orbit splitting; the values are averaged. Here, in our paper, the objective is to evaluate the electronic structure by direct electronic excitations. Only singlet-singlet transitions are considered in these quasi-relativistic calculations. In addition, the role of the ethanol solvent effect of solution is not included in the theoretical calculations. Natural population analyses based on the B3LYP/6-311G** optimized geometry indicate that the frontier molecular orbitals are mainly composed of p atomic orbitals, so electronic transitions corresponding to above electronic spectra are mainly assigned to n → π* and π → π* electronic transitions. Fig.4 shows some frontier molecular orbital stereographs for the title compound. Seen from Fig. 4 and Table  4 , when electron transitions take place, electrons are mainly transferred among the two fluorophenyl rings, the phenyl ring and pyrazolinyl group, they are corresponding to the n → π* and π → π* electronic transitions. Fluorescence spectra. The solid-state fluorescence spectrum of the title compound is shown in Fig. 5 . The spectrum exhibits a maximum emission band at 478 nm, which is in the blue-light region. This result suggests the title compound is a potential blue-light emitting material, which supports our original synthesized idea.
Thermodynamic properties. On the basis of B3LYP/6-311G** vibrational analysis and statistical thermodynamics, the standard thermodynamic functions: heat capacity (C m could be obtained from these equations and then used to calculate the change of Gibbs free energy of the reaction, which will assist us to judge the spontaneity of the reaction.
Conclusions
The title compound of 1-phenyl-5-(p-fluorophenyl)-3,4-(α-pfluoro-tolylene-cyclohexano) pyrazoline has been synthesized and characterized by elemental analysis, IR, UV-vis and X-ray single crystal diffraction. Solid-state fluorescence spectra are also measured, revealing a maximum emission peak at 478 nm. B3LYP/6-311G**calculations for the title compound show that the optimized geometries closely resemble the crystal structure. The comparisons between the calculated results and the experimental data indicate the B3LYP/6-311G** method can well predict the vibrational frequencies. The predicted electronic spectra by TD-DFT method have three bands, which are corresponding with the experiments, although the theoretical electronic spectra have some red shifts compared with the experimental ones. NBO analyses suggest that the electronic spectra are mainly assigned to n → π* and π → π* electronic transitions. The correlations between the thermodynamic properties C 
